ABSTRACT: The accessory pigment alloxanthin is a well-known taxonomic marker for Cryptophyceae in natural seawater. The use of alloxanthin to estimate in situ zooplankton grazing and selectivity on Cryptophyceae was studied using 2 dominant copepods of the southern North Sea, Temora longicornis and Centropages hamatus. High-performance liquid chromatography (HPLC) analyses of water samples and of freshly caught copepods, starvation experiments, and feeding experiments (shipboard bottle-incubations) were carried out. Although alloxanthin was always detected in copepod extracts, (1) no correlation was found with alloxanthin in seawater, and (2) no significant grazing on Cryptophyceae was observed. Results of our gut-evacuation experiments showed that at least 78% of the initial alloxanthin content of T. longicornis and C. hamatus remained after 90 min, whereas fucoxanthin and chloropigments decreased rapidly with time. Alloxanthin and astaxanthin esters were the only pigments remaining in the body of T. longicornis after several hours' starvation. It is concluded that most of the detected alloxanthin did not originate from the gut but from the body tissues. Our results suggest that alloxanthin is not suitable as a biomarker for quantitative or qualitative estimates of copepod grazing on Cryptophyceae.
INTRODUCTION
In the North Sea, phytoplankton spring blooms consist mainly of Bacillariophyceae and Haptophyceae (Reid et al. 1990 ). Consequently, the ecological importance of these algae (Lancelot et al. 1998 , Rousseau et al. 2002 as well as their contribution to zooplankton diet (Daro 1988 , Fransz et al. 1991 , Gasparini et al. 2000 have been extensively studied. In contrast, the presence of small flagellates (e.g. green algae and cryptomonads) has been less well documented. The main reasons are (1) lack of morphologic distinctive features of these algae and (2) damage caused during fixation that renders identification by classical microscopic methods difficult. Partly to overcome these problems, a chemotaxonomic approach based on detection of taxon-specific pigments by high-performance liquid chromatography (HPLC) has been used since the 1980s and is commonly employed to distinguish the main algae classes (see review in Jeffrey et al. 1999) . Using this technique, the abundance and sometimes dominance of Cryptophyceae in natural seawater samples of the North Sea has been documented by the presence of alloxanthin pigment, a specific cryptomonad carotenoid (Gieskes & Kraay 1983 , Brunet et al. 1996 , Breton et al. 2000 . In parallel, several studies on the natural diet of zooplankton have reported the presence of alloxanthin in copepod extracts, leading to the suggestion that Cryptophyceae contribute to the diet of these crustaceans (Pandolfini et al. 2000) and could even be strongly selected (Breton et al. 1999 , Cotonnec et al. 2001 . Meanwhile, the use of carotenoid pigments to study zooplankton grazing and selectivity has been challenged during the last decade because of their possible degradation into unidentified pigments and/or colourless products during gut-passage. Descy et al. (1999) for instance, estimated that 91% fucoxanthin, 88% diadinoxanthin, 79% lutein and 71% alloxanthin were lost during gut passage in laboratory experiments conducted with the freshwater copepod Diaptomus minutus. Likewise, Kleppel (1998) showed that 60 to 100% fucoxanthin was lost during gut-passage in experiments conducted with the marine copepods Acartia californiensis and Calanus pacificus and concluded that it is necessary to exercise caution when attempting to use carotenoid pigments quantitatively.
In this paper, we focused on the in situ ingestion of Cryptophyceae by 2 dominant copepods of the southern North Sea, Temora longicornis and Centropages hamatus. HPLC analyses of water samples and of freshly caught copepods, starvation experiments and feeding experiments (shipboard bottle-incubations) were performed. Our results challenge the use of alloxanthin as quantitative and as qualitative indicator of Cryptophyceae ingestion by copepods.
MATERIALS AND METHODS
Sample collection. Sampling and experiments were carried out on board the RVs 'Belgica' and 'Zeeleeuw' in the relatively shallow (mean depth 24 m) Belgian coastal zone (Fig. 1 ). Cruises were conducted at different time intervals, including all seasons, from 1998 to 2001 as part of the AMORE (Advanced Modelling and Research on Eutrophication) project.
Water samples were taken with a 10 l Niskin bottle from the subsurface, middle and near the bottom of the water column. Seawater subsamples (250-1500 ml) from the different depths were immediately filtered in triplicate using GF/F glass-fibre filters (47 mm diameter, 0.7 µm nominal pore size). All filters were folded in an aluminium foil and immediately stored in liquid nitrogen for HPLC pigment analysis. The rest of the seawater samples were then used for feeding experiments with copepods after mixing the water from the 3 depths (see later subsection).
Zooplankton samples were collected using a 200 µm mesh WP-2 plankton net which was towed obliquely between the surface and bottom (tow duration < 5 min). From each zooplankton sample collected in 2000 and 2001, a subsample was taken with a 200 µm net, wrapped in aluminium foil, and frozen immediately in liquid nitrogen for analysis of the in situ pigment content of adult copepods by HPLC.
Evacuation experiment. In January 1998 and June 2001, evacuation experiments were carried out to determine the fate of pigments during gut passage. Immediately following capture, the copepods were sieved through a 1 mm mesh onto a 500 µm mesh, rinsed with filtered (0.7 µm) seawater, and transferred into a 25 l aquarium of filtered seawater at ambient temperature. In January 1998 the starvation experiment was performed at 6.3°C, whereas in June 2001 it was performed at 15.7°C and corresponded to the period of alloxanthin maximum in water samples. Copepod subsamples were removed and frozen immediately in liquid nitrogen at 10 min intervals during a 100 min experiment in 1998 and at 5 to 15 min intervals during a 90 min experiment in 2001. An additional starvation experiment of 3 h was performed in June 1998 for studying copepod pigments.
Feeding experiment. A total of 71 experiments to quantify grazing by Temora longicornis and Centropages hamatus and determine the fate of their prey in natural assemblages were performed from 1998 to 2001. For each experimental treatment, 30 adult copepods of the same species were selected, using a Pasteur pipette under a binocular microscope, and transferred into 500 ml of natural seawater. Incubation started within 1 h of zooplankton collection and only individuals with normal swimming behaviour were selected. We immediately fixed 3 replicates of seawater (initial condition) in 1% glutaraldehyde (final concentration), while 3 replicates without copepods (control treatments) and 2 to 4 replicates with copepods (experimental treatments) were incubated for 24 h. All treatments were incubated in on-desk incubators with 
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Nieuwpoort water circulation to maintain ambient temperature. At the end of the incubation, we checked that the copepods were still alive, and the replicates were fixed with 1% glutaraldehyde. Sample analysis. Upon return to the laboratory, all samples for HPLC analysis were stored in a freezer at -85°C for no longer than 6 mo before analysis.
Samples for seawater pigment analysis were cut into small pieces (several mm × 1 cm) and sonicated in centrifuge tubes (on crushed ice), with 2 ml of 100% cold acetone for 2 × 15 s at 50 W using a Labsonic sonicator equipped with a 4 mm diameter probe inserted directly into the solvent. After sonication, samples were kept in the dark for 2 h at 4°C before centrifuged for 3 min at about 700 × g. Supernatants were filtered onto 0.5 µm (Millex SR syringe equipped with 25 mm filter of 0.5 µm porosity), transferred to 1 ml vials and placed into the autosampler (kept at 4°C) prior to injection of 100 µl extract through the HPLC column.
Samples for copepod pigment analysis were rinsed with cold filtered seawater and placed under a binocular microscope under dim light. We sorted 3 replicates of 50 adult copepods per species and placed them into 500 µl of 90% cold acetone. Replicates were then macerated with tissue grinders, while being held on crushed ice. After thorough grinding, they were refrigerated in the dark for 2 h, filtered on a syringe filter (Acrodisc CR PTFE 0.45 µm) to remove suspended particles, and 200 µl of extract were injected into the HPLC system.
Reversed-phase HPLC analyses were conducted based on the slightly modified ternary gradient method of Wright et al. (1991) as described in Gasparini et al. (2000) . Pigments were detected by absorption at 436 nm and identified based on comparison of their retention time and spectra with standards. Highpurity HPLC standards for chlorophyll a, pheophytin a, chlorophyll c 3 , fucoxanthin, alloxanthin, peridinin and 19'hexanoyloxyfucoxanthin were obtained from the International Agency for 14 C determination (Horsholm, Denmark). Phaeophorbide a was obtained from ICN Biomedicals. Other carotenoids were identified using retention time and spectra of well-characterised pigments .
After pre-concentration following the method of Colijn et al. (1990) for phytoplankton and microzooplankton enumeration (see also Gasparini et al. 2000) , samples from the feeding experiments were analysed by an inverted microscope provided with phase contrast (ZEISS Sedival) in 5 ml sedimentation chambers. Depending on cell density, random fields (60 to 100) or selected transects of the entire sedimentation chamber were counted for microplankton (×200) and small flagellates (×400). Clearance rates (volume swept clear of prey animal -1 unit time -1 ) were quantified from the difference in prey concentration determined between control and experimental treatments, using Frost's (1972) equations. Ingestion rates were calculated per copepod species for each potential prey by multiplying clearance rates with the corresponding prey biomass in the water. Prey enumeration and biomass were estimated from the seawater samples fixed at initial conditions. The carbon content of diatoms was calculated on the basis of cell density and biometry determined for each species. A specific average biovolume of a cell population was measured throughout the period of its development (Rousseau et al. 2002, and pers. comm.) . After application of the correction equation for fixation-induced volume change (Menden-Deuer et al. 2001) , the biovolumes were converted into carbon biomass using the size-dependent density relationship recommended for diatoms by Menden-Deuer & Lessard (2000) . Dinoflagellate, nanoflagellates and ciliates biomass were calculated by using carbon to volume relationships recommended by Menden-Deuer & Lessard (2000) . Colonial Phaeocystis globosa cells were free in our samples due to the dissolution of the colony matrix by the preserving agent. A conversion factor of 14.2 pg C cell -1 for colonial cells and of 10.8 pg C cell -1 for flagellated cells (microzoospores) was used to estimate P. globosa carbon biomass as recommended by Rousseau et al. (1990) . (Fig. 3) . A bloom of Cryptophyceae was observed at end of May 2001, when their abundance increased from a background level of < 20 cells ml -1 to a maximum of 1060 cells ml -1 . In copepods, the alloxanthin content was generally higher in Temora longicornis than in Centropages hamatus (Mann-Whitney U-test: U = 45, n 1 = 47, n 2 = 22, p < 0.001) (Fig. 4) . The mean alloxanthin content of T. longicornis varied between 0.059 and 0.753 ng, with maximum values measured at the beginning of spring and in summer (> 0.45 ng ind. . Alloxanthin content was not significantly correlated with the alloxanthin concentration in the seawater (Fig. 5) for either T. longicornis (Spearman's rank R S = 0.251, n = 47, p > 0.05) or C. hamatus (R S = -0.075, n = 22, p > 0.05).
RESULTS

Fig
As shown by the typical absorbance chromatograms obtained from HPLC analysis of copepod extracts in June 2001, fucoxanthin, diadinoxanthin, alloxanthin, diatoxanthin, chlorophyll a and astaxanthin esters were detected in copepods at the beginning of starvation experiments (Fig. 6a,c) . Phaeophytin a was not always apparent in absorbance chromatograms analysed at 436 nm because its absorption is low at this wavelength. However, it was clearly visible on fluorescence chromatograms (not shown). After 90 min of starvation chloropigments and fucoxanthin were no longer detected in Temora longicornis (Fig. 6b) , nor diadinoxanthin in Centropages hamatus (Fig. 6d) . In June 1998, alloxanthin and astaxanthin esters were the only pigments remaining in the body tissues of T. longicornis after 3 h of starvation (not shown). Among the identified pigments, fucoxanthin, alloxanthin and chloropigments are commonly used as phytoplanktonic biomarkers. Diadinoxanthin and diatoxanthin, which are not class-specific, will not be considered here. The results of the 2 starvation experiments are shown in Figs. 7 & 8 for winter and summer, respectively. The loss of the phytoplanktonic biomarker pigments during the starvation experiments showed different pattern among pigments. Fucoxanthin (a marker of diatoms and golden-brown flagellates) disappeared completely from the copepod's body after 10 min starvation. Chlorophyll a and pheophytin a contents of T. longicornis and C. hamatus also decreased, but faster in summer than in winter. Less than 30% of the initial value in chlorophyll a remained in copepods after 10 min starvation in June 2001, whereas in January 1998 this occurred after 1 h incubation. In contrast to the other pigments, alloxanthin decreased little or not at all over time. In January 1998, the alloxanthin content of T. longicornis fell to 46% of the initial value after 20 min before increasing and remaining above 70% until the end of the starvation experiment (Fig. 7) . In June 2001, the alloxanthin content decreased to 45 and 43% of the initial value after 60 min in T. longicornis and C. hamatus, respectively. In all experiments, the alloxanthin content of the copepods body tissues represented at least 78% of the initial value in alloxanthin after 90 min evacuation. Among the 71 feeding experiments (Table 1: 48 with Temora longicornis and 23 with Centropages hamatus), significant ingestion rates were recorded for diatoms, dinoflagellates and ciliates. In contrast, we found no significant ingestion of Cryptophyceae or other nanoflagellates (Haptophyceae and Prasinophyceae). Detailed analysis of these grazing experiments has not been included here, since we are focusing on the Cryptophyceae.
DISCUSSION
The significant correlation (p < 0.001) between alloxanthin concentration and Cryptophyceae abundance confirms the chemotaxonomic marker quality of the pigment in natural seawater samples as reported in the literature (Gieskes & Kraay 1983 , Jeffrey & Vesk 1997 , Breton et al. 2000 . However, the origin of alloxanthin found in the copepods is problematic since (1) no significant correlation was found with alloxanthin in the seawater, and (2) no significant grazing on Cryptophyceae was observed in feeding experiments whereas other potential prey were consumed. In fact, alloxanthin was present in the copepods even when it was not detected in the water (Fig. 5) . Such a discrepancy has also been reported by Breton et al. (1999) and Cotonnec et al. (2001) , who found that (after fucoxanthin) alloxanthin was the main carotenoid in the body tissues of Temora longicornis, whereas it was not detectable in the seawater samples, and that Cryptophyceae abundance observed by microscopy was low (10 2 -10 3 cells l -1 ). These observations led the authors to conclude that copepods fed selectively on Cryptophyceae. However, the results of our gutevacuation experiments clearly show that alloxanthin was still present in copepod extracts after several hours of starvation whereas fucoxanthin and chloropigments decreased rapidly with time. If we assume that a chloropigment decrease indicates gutemptying, it can be concluded that most of the detected alloxanthin did not originate from the gut but from body tissues. This conclusion could explain some intriguing laboratory observations reported in the literature. Breton (2000), for instance, reported the presence of alloxanthin in T. longicornis fed on monospecific cultures of diatoms, chlorophytes and Artemia sp. nauplii (which do not contain alloxanthin) and after 3 h starvation. Likewise, Descy et al. (1999) reported the presence of alloxanthin in a freshwater copepod, Diaptomus minutus, starved for 8 h in filtered water, and also in copepods that were not fed Cryptophyceae. It could be argued that copepod guts were not empty at the end of our starvation experiments and that the disappearance of pigments was due to degradation into colourless compounds. Indeed, fucoxanthin decreased faster than chloropigments, suggesting that a strong degradation of this pigment occurred during gut passage. Such degradation has already been suggested by Kleppel (1998) and is known to affect chloropigments as well (Conover et al. 1986 , Head & Harris 1992 , Tirelli & Mayzaud 1998 , Pandolfini et al. 2000 . However, this phenomenon does not challenge our assumption of an empty gut after more than 1 h of starvation, since direct observation of copepods did not reveal any trace of food in the gut. Additionally, if we derive gut passage time from ambient temperature (Dam & Peterson 1988 , Irigoien 1998 , we obtain 24 and 39 min for experiments conducted at 15.7 and 6.3°C, respectively. Experiment durations (90 and 100 min) were consequently long enough to guarantee a complete evacuation of the gut.
Since copepod alloxanthin cannot be localised in gut contents, the question of its origin remains open. At least 3 hypotheses can be proposed: (1) the existence of endosymbiotic Cryptophyceae living in copepod tissues; (2) an accumulation in copepod body tissues of alloxanthin from ingested Cryptophyceae; (3) a metabolic transformation of other ingested pigments into alloxanthin by the copepods themselves. Concerning the first hypothesis, endosymbiotic Cryptophyceae are found in planktonic ciliates such as Mesodinium rubrum (Parsons & Blackbourn 1968 , Hibberd 1977 , Gieskes & Kraay 1983 , in dinoflagellates such as Gymnodinium acidotum (Wilcox & Wedemeyer 1984) (Goodwin 1960 ). Thus, if carotenoids which are not present in the diet are found in the copepod tissues, they must have been produced from dietary carotenoids by oxidation. Copepods are capable of transforming the β-carotene and its derivatives present in ingested plant food into their own principal carotenoid, astaxanthin, by oxidative metabolic pathways via the intermediary pigments echinenone and canthaxanthin (Goodwin 1960 , 1971 , Simpson & Chichester 1981 . Alloxanthin present in copepod body tissues could be an intermediary pigment leading to further metabolic transformation into astaxanthin. Indeed, alloxanthin has already been reported as a possible metabolic pathway to astaxanthin in goldfish Carassius auratus teguments (Ohkubo et al. 1999 ). Our results do not permit a choice among the hypotheses considered or a combination of them, and further experiments will be necessary to elucidate the origin of alloxanthin in copepod bodies. In any case, our results suggest that alloxanthin is not suitable as a biomarker for quantitative or qualitative estimates of copepod grazing on Cryptophyceae. As a consequence, reports of alloxanthin in copepod extracts as evidence of Cryptophyceae ingestion (i.e. Breton et al. 1999 , Cotonnec et al. 2001 need to be reconsidered. Furthermore we argue that copepod biomass may at times represent a substantial source of alloxanthin in the water column. A single copepod may contain sufficient alloxanthin in its gut to overshadow the Cryptophyceae alloxanthin in water samples. Thus, precautions must be taken to remove copepods from water samples before filtering. Similar problems could be encountered with other taxon-specific pigments such as echinenone and lutein, which are sometime recorded in small amounts in copepod tissues (Lotocka & Styczynska-Jurewicz 2001) . 
